The sorption of lead(II) ions onto Haro river sand has been studied using voltammetric methods as well as the effect of different acid concentrations on the sorption process. The maximum sorption of Pb(II) ions onto the adsorbent surface was achieved from de-ionized water. It was found that the sorption data could be fitted by the 
INTRODUCTION
The release of different environmental pollutants into natural systems has increased considerably as a result of industrialization, and thereby reduced the quality of the environment to alarming levels (Nurnberg 1985) . Of such pollutants, heavy and toxic metals are most important because of their non-biodegradability (Merian 1984) , with lead, cadmium and mercury ions being the most toxic and hazardous (Friberg and Vouk 1985) . Lead has special significance because of its wide use in different human activities. Thus it is employed in batteries, paints, pigments and ammunition, petrol, cables, alloys and steels, plastics, the glass industry and the metal industry. It is still used in petrol as an anti-knocking agent, thereby causing pollution. As a consequence, water from industrial effluents is contaminated with lead and its compounds, and also from vehicular traffic and the mixing of roadside run-offs. Its permissible level in drinking water is very low, i.e. 10 µg/l. Different analytical techniques have been used for the assay of lead (Rose et al. 2001; Das et al. 2001 ) and a comparative study (Bersier et al. 1994) has shown that voltammetry provides a reliable and cost-effective technique for its monitoring, especially in drinking water (Locatelli and Torsi 2001; Shams et al. 2004) . The presence of traces of lead in air, water and food can cause toxicological problems to humans. It induces different physiological disorders and its toxicological effects have been widely reported (Friberg and Vouk 1985) . Its effects on children are more injurious than on adults due to their fast body metabolism. Thus, the monitoring of lead in the food chain -particularly in water -is vital. Lead pollution is a serious problem and different studies have shown its elevated levels in water supplies.
Studies have been undertaken to investigate the behaviour of lead in different ecosystems (particularly water, due to industrial wastewater pollution) and to work out strategies for its control, abatement and removal (Miller et al. 2004; Millward and Liu 2003) . It is vital to reduce the contamination of water bodies by lead to avoid its toxicological effects. Different methods including reduction and precipitation, ion-exchange, electrolysis and adsorption have been used for the removal of lead ions from water, with sorption being a simple, highly efficient and low-cost method. The analysis of lead(II) and its monitoring in different environmental samples has been widely studied, but its removal has been subject to much less examination. Nevertheless, some cheaper materials have been studied for the removal and pre-concentration of Pb(II) ions. Examples include lateritic minerals (Ahmed et al. 2002) , composite adsorbents (Kim et al. 2003) and rice husks (Khalid et al. 1998) . River sand has also been investigated as a low-cost and readily available adsorbent for the removal of different metal ions (Hasany et al. 2001; Ahmed et al. 2006) . Similarly, voltammetry has been selected for adsorption studies and its reliability compared with radiotracer methods (Ahmed et al. 2006 ).
The present study was carried out to assess the potential of Haro river sand for the pre-concentration and removal of Pb(II) ions from aqueous solutions. Sorption isotherms, kinetics and thermodynamic parameters have been studied.
EXPERIMENTAL

Chemicals and reagents
All the chemicals used were of analytical grade as obtained from Merck or their equivalent. A known weight of A.R. grade PbO was used for the preparation of the Pb(II) ion stock solution. This was dissolved in a minimum amount of concentrated nitric acid and the stock solution prepared. Fresh standards were prepared before use for measurements of low levels of Pb(II) ions. The glassware used was cleaned by soaking in 10% hot nitric acid and doubly de-ionized water of pH 6.8 and a conductivity of 3 µΩ -1 employed for solution preparation. Haro river sand was collected from the river bed near Lawrencepur, Attock District, Pakistan. XRD analysis of the sand showed that it contained 50% quartz, 30-32% calcite, 8-10% albite, ca. 5% illite, 1-2% tremolite and 1-2% antigorite. The BET surface area of the sand was 1.47 m 2 /g and its mesh size was in the range 150-250 µm. The sand was agitated with doubly de-ionized water, decanted off and fresh de-ionized water added, the process being repeated until a colourless supernatant was obtained.
Equipment
A model 605 digital pH meter from Metrohm, Switzerland was used for the pH measurements while the conductivity meter was a model 212 from Wescan, U.S.A. The model 174A polarographic analyzer was supplied by Princeton Applied Research, Oak Ridge, TN, U.S.A. and employed a hanging mercury drop electrode (HMDE) as the working electrode, a saturated calomel electrode as the reference electrode and a platinum wire as the a counter-electrode. Differential pulse anodic stripping voltammetry (DPASV) was used for the measurement of Pb(II) ion concentrations in 0.02 M HClO 4 as a background electrolyte. In such measurements, the initial potential was -0.8 V, the scan rate 10 mV/s and the pulse amplitude 50 mV; the Pb(II) ion peak appeared at -0.38 V. Nitrogen was used for de-aeration of the cell solution and the voltammograms were recorded by means of an X-Y recorder model 0089 supplied by Houston Instruments. The standard addition method was applied for the calculation of the Pb(II) ion concentrations.
Sorption measurements
A known volume of the Pb(II) ion stock solution was diluted with 10 ml of doubly de-ionized water and the resulting solution agitated with a fixed amount of sand (100 mg) on a Stuart mechanical shaker at 700 rpm for a specific time to effect equilibration. The resulting mixture was then centrifuged at 5000 rpm to obtain phase separation. A portion of the supernatant solution was withdrawn and the Pb(II) ion concentration measured by DPASV to establish the equilibrium concentration (A e ). The initial concentration of Pb(II) ions (A 0 ) was also measured by the same method. All measurements were undertaken in triplicate at room temperature (298 ± 2 K).
The percentage sorption of metal ions from the solution and the distribution coefficient (R d ) were calculated from the following relationships:
(1)
The quantities R d and % Sorption may be related by the equation:
A linear regression computer program was used for statistical analysis of the experimental data.
RESULTS AND DISCUSSION
The voltammetric technique was used for the measurements of the Pb(II) ion concentration and a selected number of water and soil samples were analyzed by the same technique (Ahmed et al. 1993 (Ahmed et al. , 1996 Viqar et al. 2005) . The corresponding results are listed in Table 1 . Samples designated as "S" were surface water samples basically obtained from two main water reservoirs but collected from different areas of Rawalpindi/Islamabad. Samples designated as "S 2 " and "S 3 " were obtained from the Simly and Rawal dams. Finally, the samples designated as "W" were ground water samples. Soil samples from the roadside and the city centre exhibited high levels of Pb(II) ions which could also enter water sources through run-off. 
Sorption of Pb(II) Ions from Aqueous Solution onto Haro River Sand
Effect of acid concentration
Electrolytes may affect the properties of the adsorbent surface. Consequently, the sorption behaviour of Pb(II) ions was studied directly from aqueous solution and also in the presence of different electrolytes such as mineral acids (HNO 3 , HClO 4 ) at solution concentrations ranging from 0.001 M to 0.1 M using 100 mg of sand and an initial Pb(II) ion concentration of 4.82 × 10 -5 M. The results are listed in Table 2 . The sorption of Pb(II) ions onto sand decreased with increasing concentration of acid. In de-ionized water, the extent of sorption was 80%; at acid concentrations of 0.001 M, the extent of sorption was > 76%; whilst, at acid concentrations of 0.1 M, the sorption decreased to ca. 65%. The maximum sorption of Pb(II) ions onto sand was achieved from de-ionized water. Ahmed et al. (2006) have shown that the sorption of Cd(II) ions followed a similar trend, with the maximum sorption again occurring from de-ionized water. The same behaviour has been reported for the sorption of Pb(II) ions onto lateritic minerals (Khalid et al. 1998) and for the sorption of chromium(III) ions onto sawdust (Ahmad 2005) . S-5 5 ± 0.4 6.
W-1 27.7 ± 0.25 7.
W-2 17.6 ± 0.37
Unpolluted soil 24.7 ± 2.1 9.
Roadside soil 241 ± 13 10.
City centre soil 84.4 ± 3.4 11.
Industrial area soil 670 ± 17 
Kinetic studies
The kinetics of the sorption of Pb(II) ions onto sand were studied and the data obtained are shown in Figure 1 . For these experiments, all solutions were prepared with de-ionized water, the initial Pb(II) ion concentration was 4.82 × 10 -5 M and 100 mg/10 cm 3 of sand was employed. It will be seen from the figure that the value of R d increased as the shaking time was increased up to 10 min and thereafter the sorption remained at a constant and maximum level. For this reason, a 10-min shaking time was used in all subsequent studies.
The rate of sorption was determined by applying well-known equations for the diffusion and mass action phenomena. The kinetic data depicted in Figure 1 indicate that the sorption of Pb(II) ions onto sand was slow and time-dependent. For fast reactions, sorption may be due to film diffusion (Faust and Aly 1987) and occur within the macropores of the adsorbent. To see if the sorption observed in this study was governed by intraparticle diffusion, the kinetic data were examined using the Weber-Morris equation (1963): (4) where q t is the amount of ions sorbed at time t and k i is the rate constant for intraparticle transport. The value of k i may be calculated from the slope of the plot of q t versus . This curve was not linear showing that only partial or very little intraparticle diffusion occurred.
The Reicherberg equation (1953) was also applied, i.e.
where F = q t/ q e and q e is the equilibrium concentration of sorbed material. Equation (5) above may also be written as:
The plot of Bt versus time depicted in Figure 2 is linear with a correlation factor of 0.994, thereby indicating that sorption was controlled by film diffusion. For kinetic studies, the Lagergren equation (1898) was applied in the linearized form: log(1 -q t /q e ) = -k t t/2.303
In the latter relationship, the quantity F = q t /q e , where q t is the amount of solute sorbed at time t, q e is the equilibrium concentration and k 1 is rate constant for the sorption process. A plot of the data obtained in the present work in terms of equation (8) results depicted, it would appear that the process was first order with a rate constant of 0.2046 min -1 .
Effect of adsorbent dosage
To study the effect of the adsorbent concentration on the sorption process, the amount of sand used was varied over the range 10-500 mg/10 ml of sorptive solution in the presence of an initial Pb(II) ion concentration of 4.82 × 10 -5 M employing a shaking time of 10 min (Figure 4) . From the data depicted in the figure, it will be seen that the distribution ratio, R d , decreased as the dosage of sand increased. Since the amount of adsorbent appears in the denominator for the expression for the calculation of R d [equation (2) above], the behaviour of R d in this respect was not unexpected. The same trend has also been reported for the sorption of Cd(II) ions onto Haro river sand (Ahmed et al. 2006) . In subsequent studies, the amount of sand employed relative to the volume of adsorbate was maintained constant at 100 mg adsorbate/10 ml sand.
Variation of adsorbate concentration
The effect of the concentration of Pb(II) ions on the sorption process was studied under optimized conditions of shaking time and amount of adsorbent with the Pb(II) ion concentration being varied. The results obtained are shown in Figure 5 . The gradual decrease in the extent of sorption with increasing Pb(II) ion concentration in the system was closely similar to that observed for the sorption of Cd(II) ions onto sand (Ahmed et al. 2006) . Various adsorption equations have been employed to explain the mode and mechanism of sorption processes. Such equations were employed to fit the data depicted in Figure 5 .
Sorption of Pb(II) Ions from Aqueous Solution onto Haro River Sand
Freundlich isotherm
The sorption data for Pb(II) ions onto sand were examined using the Freundlich (1926) adsorption equation. This allows the surface heterogeneity and the exponential distribution of the active sites to be obtained. The linearized form of the Freundlich isotherm may be written as: log C ads = log A + 1/n log C e (9) where C ads is the sorbed concentration (mol/g), C e is the amount of solute in solution at equilibrium (mol/l), and A and 1/n are constants related to the sorption capacity and intensity, respectively. A plot of log C ads versus log C e should give a straight line, as depicted in Figure 6 for the data obtained in this work where the linear plot had a correlation factor of 0.989. The value of 1/n usually depends on the nature and strength of the sorption process and on the distribution of the active sites. Low values of 1/n indicate that the surface is heterogeneous (Hasany et al. 2001) . The value of A calculated from the intercept of the linear plot in Figure 6 was 15.4 ± 6.9 mmol/g while the value of 1/n was estimated as 0.71 ± 0.01.
Dubinin-Radushkevich (D-R) isotherm
The D-R isotherm was employed in the following linear form (Dubinin and Radushkevich 1947) : (10) where X m is the maximum sorption capacity, β is a constant related to the energy and ε is the Polanyi potential which may be expressed as: where R is the gas constant expressed in kJ/(mol K) and T is the temperature in K. A plot of C ads against ε 2 gave a straight line (Figure 7 ) from which values of β = -0.00478 ± 0.0022 mol 2 /kJ 2 and X m = 23.26 ± 0.0502 × 10 -2 mmol/g were evaluated from the slope and intercept, respectively. Using the calculated value of β, it was possible to compute the mean sorption energy, E, from: (12) which is the free energy of transfer of 1 mol of solute from infinity to the surface of the adsorbent. The estimated value of E was 10.23 ± 0.23 kJ/mol which is in the range expected for chemisorption (8-16 kJ/mol). The values of the D-R parameters obtained in this work are similar to those calculated for the sorption of Cd(II) and Sb(V) ions onto sand (Hasany et al. 2001) .
Although the Freundlich isotherm provides information about the surface heterogeneity and the exponential distribution of active sites and their energies, it does not predict any saturation of the surface of the adsorbent by the adsorbate. Hence, infinite surface coverage could be predicted mathematically. In contrast, the D-R isotherm relates to the heterogeneity of energies close to the adsorbent surface. If a very small sub-region of the sorption surface is chosen and assumed to be uniform in structure and energetically homogeneous, and the local isotherm is assumed to be approximated by the Langmuir isotherm, the quantity can be related to the mean sorption energy, E, which is the free energy for the transfer of 1 mol of Pb(II) ions from infinity (in solution) to the surface of the adsorbent. Values of E in the range 1-8 kJ/mol predict that the adsorption process occurs via physisorption, whereas higher values of E indicate the presence of a chemisorption process.
The difference in free energy between the adsorbed phase and the saturated liquid adsorbate is referred to as the sorption potential, a term first advanced by Polanyi (1932) and later developed by Dubinin and his co-workers. Thus, the sorption space in the vicinity of a solid surface may be characterized by a series of equipotential surfaces with a given sorption potential. This sorption potential is independent of the temperature but varies according to the nature of adsorbent and adsorbate. As the calculated values of E are greater than 8 kJ/mol in the present work, it follows that any bond formation between the Pb(II) ions and the sand surface may be chemical in nature. 
Sorption of Pb(II) Ions from Aqueous Solution onto Haro River Sand
Effect of temperature on the sorption process
Since temperature is a major factor influencing adsorption processes, its effect was investigated for the sorption of Pb(II) ions onto sand under optimized conditions over the range 283-323 K. It was found that the sorption of Pb(II) ions increased with temperature, as shown by the data depicted in Figure 8 where the plot of log K c versus 1/T is linear, T being the absolute temperature (K) and K c = F/(1 -F) where F is the fraction sorbed at equilibrium. The values of the enthalpy, ∆H 0 , entropy, ∆S 0 , and Gibbs free energy, ∆G 0 , were computed using the following equations:
The slope and intercept of the plot gave ∆H 0 = 24.87 ± 0.44 kJ/mol and ∆S 0 = 95.85 ± 1.5 J/(mol K). The value of ∆G 0 was calculated using equation (15) and found to be -3.6 ± 0.1 kJ/mol at 298 K. The negative value of ∆G 0 shows that the sorption process was endothermic and spontaneous in nature. Ahmed et al. (2002) 
Influence of other ions on the sorption of Pb(II) ions
The sorption process may also be influenced by the presence of anions, cations and complexing agents. Hence, the effect of some common anions and cations was studied on the sorption of Pb(II) ions onto sand from de-ionized water. The results are listed in Table 3 . The presence of sulphide, chloride, calcium and zinc ions enhanced the sorption of Pb(II) ions while sulphate, cadmium, copper and chromium ions tended to diminish the sorption process. However, the addition of oxalate ions had no effect on the sorption of Pb(II) ions. The reduction in sorption may be due to the formation of complexes between Pb(II) ions and anions, and these complexes may have a low ability to undergo sorption. The reduction in sorption due to the presence of cations may be due to the stronger affinity of these ions towards sand. Since calcium and zinc cations enhance the sorption process, this may arise as a result of the creation of more adsorption sites. The addition of chloride ions also enhanced the sorption of Pb(II) ions, which may be attributed to the formation of complexes with a greater affinity towards sorption. Since the addition of chloride and cadmium ions influenced the sorption process to a greater extent, the effect of these ions was studied further by increasing their concentrations in the system to 10-times and 100-times that of the Pb(II) ion. It will be seen from the resulting data listed in Table 4 that increasing the Cd(II) ion concentration led to a decrease in Pb(II) ion sorption whereas similar increases in the Cl -ion concentration led to an increase in Pb(II) ion sorption.
CONCLUSIONS
The sorption of Pb(II) ions from aqueous solution onto sand was achieved within the relatively short time of 10 min without any prior treatment of the adsorbent. Whereas the maximum extent of sorption was observed in de-ionized water, the extent of sorption decreased with increasing acid concentration. The Reichenberg, Lagergren, Freundlich and Dubinin-Radushkevich equations 
